External pH constitutes one of the most important environmental factors that control growth, metabolism and differentiation in microorganisms, including fungi. We have analyzed the effect of external pH on sterigmatocystin biosynthesis in Aspergillus nidulans. It was observed in repeated experiments that alkaline pH, in opposition to acid pH, increased sterigmatocystin production and the transcript levels of aflR, the master gene that regulates expression of the sterigmatocystin cluster in A. nidulans.
INTRODUCTION
Mycotoxins are a group of toxic secondary metabolites produced by fungi, mainly from the genera Aspergillus, Penicillium and Fusarium (22). They are frequently found contaminating a wide variety of food and feed, representing a serious threat to human and animal health and causing severe economic losses (8) Further on, several reports that proposed a model Gprotein/cAMP/PKA signaling pathway that connected growth, conidiation and ST production in A. nidulans have been published (3, 14) .
Taking into consideration all these data, we proceeded to analyze the regulation of ST production by ambient pH in A.
nidulans, and whether the Pal/Pac signaling pathway was or not involved in this process.
MATERIALS AND METHODS

Strains and Growth Media and Conditions
The strains used for these studies were Aspergillus At the end of the incubation period, in liquid cultures the medium was separated from the mycelium by filtration.
Mycelia were transferred to a Petri dish, washed with 10 ml of distilled water containing 0.01% Triton X-100, and gently shaken to release the spores. This procedure was repeated twice. Mycelia were then dried at 75 °C for 24 h, stored at room temperature in desiccators with silica gel as drying agent for another 24 h, and weighed. The residual growth medium was processed immediately or stored at 4 °C until used. When mycelia were used for RNA extraction, they were collected by vacuum filtration, frozen with liquid nitrogen and stored at -70 °C until used. When solid medium was used, after spore recovery ST was extracted as described below, agar was melted in a microwave oven, mycelia were recovered with the use of tweezers, washed with hot water, dried and weighed as above.
ST quantitation
ST was extracted from the mixture of culture medium, dry mycelium (see above) and conidia, with 50 ml acetone for 30 min, followed by 50 ml chloroform by further 30 min (17). The organic phase was separated, filtered through anhydrous sodium sulfate and evaporated in a fume hood in a water boiling bath. The residue was resuspended in 500 µL HPLC grade methanol and filtered through C-18 columns (Alltech).
Analysis and quantitation were performed by HPLC as previously described (13). The detection limit was 3 ng ST in 20 µl samples.
RT-PCR analysis of the expression of genes encoding proteins involved in growth and ST synthesis
Total RNA extraction was performed using TriZOL hours of incubation, ST synthesis being activated after this time ( Table 1) . Activation of ST synthesis occurred earlier when the initial pH value was raised (58 h at initial pH= 5.22, and 46 h at pH= 6.90) ( Table 1) . As it may be seen in this 
Transcription of regulatory genes through time of incubation
The previous experiment suggested a correlation between pH and ST production. Taking into consideration that both phenomena are regulated in Aspergilli by known pathways (6, 25), we decided to investigate the correlation existing between the drift in external pH during incubation, and the expression of the corresponding regulatory genes. A. nidulans MAD002 was incubated in Kafer medium pH = 6.60 for 83 h.
Mycelia were collected at different intervals, and levels of transcripts of the regulatory gene aflR was evaluated (Fig.   1 ). aflR expression levels increased through time linearly (r 2 = 0.922) as pH of the medium was increased, raising the hypothesis that alkaline pH promotes ST biosynthesis. (18), its levels of ST production were well below those from the wild-type strains. These results are shown in Table 2 . Finally, contrary to the behavior of strain MAD135, a pacC negative mutant (MAD812) was unable to synthesize ST at neither acid nor alkaline pH (Table 3) . Cultures were obtained in buffered (100 mM citrate) solid Kafer medium, and growth and ST formation were measured as described in Materials and methods. Statistical analysis of samples (n=5) proceeded by the Tukey test (p=0.05). Statistical significance of the differences in the same experimental block (same strain and medium) were treated as described for Table 1 . (palA1). Levels of pacC transcript in pacC c 14 were twice higher than those from palA1 mutant, and its aflR transcript levels were high regardless of the pH of the medium, correlating with ST production in this strain (these results are shown in Fig. 2) . 0.889 and r 2= 0.976, respectively) were preferentially expressed at alkaline pH in both strains. On the other hand transcript levels of laeA were higher at neutral and alkaline pH in the wild-type strain (Fig. 3) , but in the MAD134 (palA1) strain an opposite trend in expression was observed, decreasing with an increase in pH (data not shown). 
DISCUSSION
The formation of natural products resulting from the secondary metabolism of plants and microorganisms is subjected to different environmental cues, such as temperature, humidity, light, pH, nutrient source, etc.
Aflatoxins (AF), probably the most important and studied mycotoxins, do not escape to this rule. Accordingly, it has been described that temperature and nitrogen source affect AF production in A. parasiticus and ST synthesis in A.
nidulans, but in different ways (11) . It was demonstrated that nitrate as the sole nitrogen source promoted ST synthesis in A. nidulans, while ammonium promoted AF production in A.
parasiticus. It was also observed that AF production by A.
parasiticus was best at 27 °C, while ST was maximally produced by A. nidulans when incubated at 37 °C (11).
pH is also an important factor in the production of aflatoxins. Acid pH has been described to stimulate AF synthesis in A. parasiticus (10, 18) . According to the results 
